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This study examined the characteristics of probabilistic classification learning, a form of implicit learning
previously shown to be impaired in patients with basal ganglia dysfunction (e.g., Parkinson’s disease). In this
task, subjects learn to predict the weather using associations that are formed gradually across many trials,
because of the probabilistic nature of the cue-outcome relationships. Patients with Parkinson’s disease, both
before and after pallidotomy, and age-matched control subjects, exhibited evidence of probabilistic
classification learning across 100 training trials. However, pallidotomy appears to hinder the learning of
associations most implicit in nature (i.e., weakly associated cues). Although subjects were most sensitive to
single-cue associations when learning the task, there is evidence that cue combinations contribute
significantly to probability learning. The utility of multiple dependent measures is discussed.

Many studies have provided evidence for the existence of
multiple memory systems in the brain (Mishkin et al. 1984;
Packard et al. 1989; Packard and White 1991; Eichenbaum
1992; Packard and McGaugh 1992; Squire 1992; Kesner et
al. 1993; McDonald and White 1993; Schacter and Tulving
1994; Salmon and Butters 1995; Squire and Knowlton 1995;
Knowlton et al. 1996a; Packard and McGaugh 1996; Flo-
resco et al. 1997). For example, the medial-temporal lobe
(MTL) system (including the hippocampus) appears to me-
diate rapidly acquired “declarative” memory. In contrast,
certain learning disrupted by neostriatal damage (including
the dorsolateral caudate nucleus or nigrostriatal system) is
mediated by a procedural memory system characterized by
slowly acquired associations and often referred to as habit
learning (Mishkin et al. 1984; Sage and Knowlton 2000).

Patients with basal ganglia dysfunction as a result of
Parkinson’s disease (PD) or Huntington’s disease (HD) dis-
play impairments in perceptual motor-skill learning yet can
achieve normal performance on several implicit memory
measures. Implicit tasks with less of a motor component,
such as artificial grammar and visuospatial category learn-
ing, have been shown to be intact in patients with PD or HD
(Reber and Squire 1999; Knowlton et al. 1996b). However,
one task with very little motor component has been re-
ported to be impaired in these patients: the weather pre-
diction probabilistic classification task. In this paradigm,

cue-outcome associations are learned gradually over many
trials. Amnesic patients with hippocampus damage are un-
able to declaratively recollect even the basic appearance of
the cues, while still exhibiting probabilistic classification
learning comparable to controls (Knowlton et al. 1994,
1996a,b; Reber et al. 1996). In this “weather” task, the re-
lationship between a set of shape cues and their weather
outcome is probabilistic. Information gained from a single
trial is not nearly as useful as information gained across
several trials (one hallmark of habit learning). Subjects are
told that they are a weather forecaster and their goal is to
predict “sun” or “rain” given each cue or set of cues that
appears on the screen, as pictured in Figure 2, below.

The second component of this task is a declarative
memory questionnaire, which tests subjects’ memory of
certain aspects of the task, including the appearance of the
screen. It is with these combined implicit and declarative
memory measures that a double dissociation has been
shown between amnesic patient performance and Parkin-
son’s patient performance. That is, amnesics (with MTL
damage) show normal habit learning and impaired declara-
tive memory, while PD patients show impaired habit learn-
ing and normal declarative memory (Knowlton et al.
1996a). More recently, studies have sought to further define
the circuit responsible for this form of habit learning. Evi-
dence has emerged from fMRI studies demonstrating acti-
vation in the neostriatum during learning in the weather
prediction task in normal subjects, and a decrease in acti-
vation in medial temporal lobe structures (Poldrack et al.
1999, 2001). Alzheimer’s patients, with presumably intact
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subcortical structures, perform as well as controls on the
weather prediction task (Eldridge et al. 2002).

However, characteristics of the learning acquired in
the probabilistic classification task have not been examined
fully. Although prior studies have assessed declarative
memory for the weak and strong cue-outcome associations
learned in the weather task (Reber et al. 1996), actual im-
plicit performance on the task has not previously been dis-
sociated in this way. To more fully characterize the prop-
erties of this form of implicit habit learning, the current
study examined patterns of performance in normal elderly
subjects, as well as in patients with PD both before and after
pallidotomy surgery.

Pallidotomy is a brain lesioning procedure that, after
years of refinement of technique and localization, experi-
enced a resurgence for the treatment of the motor symp-
toms prevalent in advanced PD (Laitinen et al. 1992). Many
patients with PD experience immediate and dramatic motor
improvements after a lesion of part of their ventral posterior
internal globus pallidus (Gpi; Fig. 1). This lesion is thought
to be effective because it targets a sensorimotor area of the
pallidum and attenuates the overactive inhibitory output of
the GPi. Although pallidotomy is not a cure for PD, sus-
tained motor improvements have been demonstrated
months to years after surgery (Masterman et al. 1998).

PD patients were tested on the probabilistic classifica-
tion task before and after pallidotomy surgery. Given the

previously described deficit in probabilistic classification
learning in patients with PD, we investigated whether this
lesion procedure would improve both motor and implicit
memory performance. Although neurosurgeons strategi-
cally target the motor portion of the GPi (see Masterman et
al. 1998 for lesion placement in the current patients), the
compact nature of the motor and cognitive mapping from
the cortex onto the globus pallidus leaves open the possi-
bility that several corticostriatal pathways, and not just the
motor path, could be affected.

Recent studies examining other cognitive effects of pal-
lidotomy have yielded mixed results. Many studies have
found little or no major effects on cognition using standard-
ized neuropsychological tests (Baron et al. 1996; Soukup et
al. 1997; Fields et al. 1998; Masterman et al. 1998; Merello
et al. 1999; Vingerhoets et al. 1999; Yokoyama et al. 1999).
Others have found improvements in verbal memory (Man-
ning et al. 1997), still others have found deficits in frontal-
lobe–sensitive tasks (Lang et al. 1997; Trépanier et al. 1998;
Stebbins et al. 2000; Rettig et al. 2000), and many describe
problems with verbal fluency (Lang et al. 1997; Tröster et al.
1997 [stimulation]; Scott et al. 1998; Trépanier et al. 1998;
Wilde et al. 1999). However, implicit memory abilities, in-
cluding habit learning, have yet to be examined.

In this study, we describe characteristics of normal
probabilistic classification learning in a group of control
subjects and in patients with PD, pre- and postpallidotomy.
Subjects with PD were tested within a few days before and
an average of 3 months after surgery.

RESULTS

Characteristics of Normal Probabilistic
Classification Learning

Percent Correct Analyses
Figure 3A depicts mean percent correct for normal elderly
subjects performing the weather task. A MANOVA revealed
significant improvement in probabilistic classification learn-
ing across the 100 trials, [F(4,60) = 5.74; P = .0006]. These
participants displayed performance not significantly above
chance in the first trial block, with a subsequent increase in
performance well above chance (Fig. 3A; one-sample t-test
with hypothesized mean of 50% [chance]; for trial block 20,
P > .05; for trial blocks 40, 60, 80 or 100, P < .01].

These subjects also displayed normal declarative
memory for the appearance and structure of the weather
task, as assessed by a multiple-choice questionnaire (Fig.
3B). Subjects scored substantially above chance (25%) on
this 8-item test [T(15) = 12.96; P < .0001].

Cue Combination Analysis
A more detailed analysis of the data was performed by ex-
amining responses to cue combinations that were strongly
or weakly associated with particular weather outcomes. Of

Figure 1 Coronal T2-weighted magnetic resonance imaging
(MRI) scan showing a double electrode track for generation of a
pallidotomy lesion away from the internal capsule and optic tract.
Notice the mammillary body at the level of the pallidotomy lesion.
Two lesions were performed to encompass the globus pallidus
interna (GPI) (horizontal arrow). CSF, cerebral spinal fluid; MB,
mammillary body; OT, optic tract.
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the 14 possible cue combinations, two possible combina-
tions represented equal (and opposite) weather outcomes,
and therefore were not included in this analysis. These will
be referred to as “toss” trials.

The 12 meaningful cue combinations were grouped
into weakly (63 and 67%) and strongly (75, 83, 86, and 89%)
associated weather outcomes. Figure 4A illustrates subjects’
choice accuracy for these combinations. Performance was
above chance for strongly associated combinations
(T[15] = 3.61; P = 0.003), but not for weakly associated
combinations (T[15] = 1.15; P = .266).

Cue Combination Probability Matching
In addition to comparing how well subjects performed on
weakly and strongly associated cue combinations, we ex-
amined control subjects’ probability matching performance
for the cues presented. This analysis differs from above, in
that it does not rely upon a percent correct score. Whereas
the percent correct measure assesses the subjects’ abilities
to respond with the most strongly associated outcome for a
given set of cues, Figures 4B and 4C illustrate subjects’
abilities to match the programmed probabilities of each
combination of cues or individual cues.

Figure 4B displays the programmed strengths of each
cue combination (“Actual”) and subjects’ accuracy in
matching those strengths across the 100 training trials. The
associative strengths of the cue combinations presented
were 89%, 86%, 83%, 75%, 67%, and 63%. The dependent
measure, Outcome Response Probability, is defined as the
probability of the most associated response (either rain or
sun) when the pattern was present. As depicted in Figure
4B, subjects significantly discriminated among the six com-
binations (F[5,75] = 3.84; P = .004), and there was a mod-
est linear correlation (r = 0.24; P = .017; Fisher’s r-to-z) be-
tween the programmed cue combination strengths and sub-
jects’ response probabilities. Performance was closer to the
actual probabilities for the single cues (.86 and .63) com-
pared to the patterns with multiple cues.

Single Cue Strength Analysis
In addition to analyzing cue combination probability match-
ing, we explored subjects’ accuracy in matching the pro-
grammed probabilities of the single cues presented. Were
subjects more closely matching cue combinations or single
cue strengths?

Figure 4C displays the programmed strengths of each
cue stimuli (“Actual”) and subjects’ accuracy in matching
those strengths. Outcome response probability was defined
as the probability of a “rain” response whenever the cue
stimulus was present (alone or in combination with other
cues). Subjects significantly differentiated between the four

Figure 3 (A) Probabilistic classification. Performance of normal,
elderly control subjects on the 100-trial probabilistic classification
(weather prediction) task is depicted as percent correct (number
correct/total number of responses) across 20 trial blocks. Asterisks
indicate performance significantly different from chance (dashed
line, 50%; *P < .05, **P < .0005; one-sample t-test). These subjects
exhibited a typical learning pattern, starting at chance and increas-
ing by the second block to well above chance performance. Re-
sponses were considered correct if they corresponded to the more
strongly associated outcome (sun or rain) on each trial. (B) De-
clarative memory. Subjects performed well above chance (25%) on
an eight-item, four-choice questionnaire (shown as number cor-
rect/8), which assessed the appearance and characteristics of the
task.

Figure 2 Cues used by subjects to predict the weather in a probabilistic manner (the probabilistic classification weather prediction task).
One to three cards appeared on the screen during each trial. The subject was required to predict sun or rain based on these cues.
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stimuli probabilities, (F[3, 45] = 17.24; P < 0.001). Impor-
tantly, there was a strong linear correlation (r = 0.712;
P < .0001) between the programmed single cue strengths
and subjects’ response probabilities.

Overall, the programmed individual cue strengths (Fig.
4C) were much better predictors of subject performance
than the cue combination strengths (Fig. 4A,B).

Probabilistic Classification Learning in Subjects
With PD Before and After Pallidotomy Surgery
Throughout this section, results will be given for both be-
tween-groups (All Patients) and within-subjects (Retest)
analyses. All patients analyses include patients tested either
before or after pallidotomy, plus subjects tested both before
and after pallidotomy (n = 17). Retest analyses refer to the
latter group of subjects (tested at two time points (n = 7).

Percent Correct Analyses
Figure 5A depicts accuracy on the probabilistic classifica-
tion task (All Patients, left; Retest patients, right). Examina-
tion of Figure 5A suggests that before pallidotomy (“pre-
op”), patients with PD exhibited an atypical pattern of per-
formance, starting with an unusually accurate first block of
trials, declining to chance, and then recovering. Eight of the
12 subjects who were tested preoperatively performed
above 60% during the first block of 20 trials. However, only
four of these maintained this level of performance in the
second block, and none of the other patients in this group

scored above 60% on this block. In contrast, control sub-
jects began closer to chance, as expected, and continued to
improve to above-chance performance (Fig. 3A). Only four
of the 16 control subjects performed above 60% in the first
block of 20 trials. All four of these subjects continued to
perform above this level in the next block of trials, and eight
additional control subjects achieved this level in the second
block.

The All Patients analysis (Fig. 5A, left) revealed no sig-
nificant effects (MANOVA; group by trial interaction,
F[4,84] = 1.36, P = .255; main effect of group,
F[1,21] = 1.65, P = .213; main effect of trial, F[1,21] = 1.89,
P = .121). Retest patients (Fig. 5B, right), however, exhib-
ited significant change in performance across the 100 trials,
and showed no significant deleterious effects of the surgery
(main effect of trial, F[1,6] = 3.47, P = .023; group by trial
interaction, F[4,24] < 1, P > .70; main effect of group,
F[1,6] < 1, P = .50).

In contrast to their varied performance on the habit-
learning task, all groups performed similarly well on the
declarative memory questionnaire. Figure 5B illustrates no
significant group differences in mean percent correct on
the 8-item task, for both All Patients (F[1,22] < 1) and Retest
(F[1,6] < 1) comparisons.

To more precisely analyze subjects’ accuracies com-
pared to chance, we utilized a one-sample t-test with a hy-
pothesized mean of 50% (chance performance). Figures 3A

Figure 4 (A) Association strength–cue combinations. Control subjects exhibited above chance accuracy when using strongly associated cue
combinations (75, 83, 86, and 89%), but not weakly associated combinations (63 and 67%). (B) Cue combination probability matching. The
probability of a response in the presence of each cue combination (squares) and the actual programmed probability (Xs). Subjects significantly
matched combination strengths but not to a very strong degree. (C) Individual cue probability matching. The probability of a response in the
presence of each of the four individual cues compared with programmed probability, irrespective of whether cues appeared in a combination
or alone. Normal subjects matched individual cue probabilities to a greater degree than combinations.
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(controls) and 5A (patients) depict the group mean percent
correct for each 20 trial block, and the results significantly
above chance (*P < .05, **P < .0005). Control subjects ex-
hibited a typical learning pattern, significantly exceeding
chance performance by 40 trials, and remaining above
chance for each trial block thereafter. In contrast, preop-
erative subjects performed unusually well in the first trial
blocks, followed by several trials at chance performance,
and finally exceeded chance levels for the last two trial
blocks. These qualitative results suggest that patients with
PD perform abnormally on this task. Postoperative subjects
did not exceed chance performance until the final one or
two trial blocks. Unlike controls, they did not exhibit sig-
nificant improvement within the first 60 trials. Although the
preoperative patients performed unusually well in the first
block of trials, this level of performance was not main-
tained. It is possible that motivational factors selectively
influenced the preoperative subjects (see Discussion).

To more fully examine this unusual pattern of preop-
erative performance, percent correct for the first instance
and the last instance of each of the 12 meaningful cue com-
binations was averaged across the 100 trials for each subject
(Fig. 6). (Of the 14 cue combinations, two combinations
were “toss trials”; see above.) It was expected that perfor-
mance would be near chance (50%) for the first encounter
of a cue combination. In contrast, performance should be
significantly improved upon the last instance of the cue
combination.

As expected, control accuracy did not differ from
chance upon the first instance of a cue combination
(T[15] = 0.98; P = .345), but was significantly above chance
on the last instance of a cue combination (T[15] = 3.43;
P = .004). For All Patients, preoperative subjects surpris-
ingly performed significantly above chance on the first in-
stance of a cue combination (T[11] = 2.84; P = .016) and
remained significantly above chance for the last instance
(T[11] = 2.63; P = .024). No other Parkinson’s group per-
formed significantly above chance at either the first or last
instance (Ps > .134; including Retest subjects, data not
shown). The unusually high accuracy solely noted in the
preoperative patients’ performance, upon their very first
encounter of a cue combination, suggests that these par-
ticular patients may have used a different strategy early in
the task, including explicit memorization of individual cue
associations and responded to new patterns based on this
knowledge.

For certain cue combinations, the first occurrence may
have occurred as late as trial 40, and the last instance may
have been as early as trial 60. Therefore, we examined mini-
mum and maximum scores without assuming each indi-
vidual would necessarily score lowest and highest in the
first and last 10-trial block. Each individual’s maximum and
minimum 10-trial block score for the first four blocks (early,
trials 0–40) and last four blocks (late, trials 60–100) were
compared by group (data not shown). For minimum and
maximum early scores, and minimum late scores, there

Figure 5 Performance of patients with Parkinson’s disease before or after pallidotomy. (A) Probabilistic classification. Accuracy in 20 trial
blocks is shown in patients that were tested before and/or after pallidotomy (All Patients, left panel), and a subset that were tested both before
and after pallidotomy (Retest patients, right panel). Asterisks indicate performance significantly different from chance (50%; *P < .05).
Postoperative patients began at chance and did not exceed chance performance until the last block of trials. In contrast, control subjects (Fig.
3A) exceeded chance by the second block of trials. Preoperative patients appear to spuriously exceed chance on the first block of trials,
decline to chance levels, and then exceed chance by the last block of trials. This performance is not as robust as control subjects, and may
be the result of motivational factors. (B) Declarative memory. Performance on an eight-item, four-choice declarative questionnaire regarding
the weather prediction task is shown. All patients performed well above chance and comparable to control subjects (Fig. 3B) on this
declarative memory test.
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were no group differences (univariate ANOVAs, F [2,36]
values < 1.5, P values > .2]. However, there were signifi-
cant group differences for the maximum percent correct
score achieved during late trials (F[2,36] = 3.56; P = .04).
Postoperative patents did significantly worse than control
(P = .04; Fisher’s PLSD) or preoperative patients (P < .02).
Thus, the absolute maximum performance exhibited by
postoperative subjects is significantly worse than other
groups.

Cue Combination Analysis
Because the lesions did not target cognitive circuitry, and
because patients with PD have previously been shown to
perform poorly on the habit-learning task, we did not ex-
pect a large effect of pallidotomy on this task. Because the
above accuracy deficits are relatively subtle, we hypoth-
esized that differences may be detected by separately ex-
amining weakly and strongly associated outcomes.

Figure 7A depicts the All Patients analysis of choice
accuracy (expressed as percent correct) for weakly and
strongly associated cue patterns. For weakly associated out-
comes, postoperative patients were impaired relative to
both preoperative patients (F[1,21] = 5.63; P = .027), and
controls (F[1,25] = 4.59; P = .042), which did not differ
from one another. There were no significant group differ-
ences in predicting strongly associated outcomes
(F[1,21] < 1; P > .50). Retest data (not plotted) were similar
(weakly associated: F[1,6] = 4.70; P = .073; strongly associ-
ated: F[1,6] < 1; P > .50).

Importantly, postoperative patients who were tested
both before and after pallidotomy did not display interfer-
ence effects as a result of multiple testing, as they did not
differ in performance from postoperative patients tested
only once (after pallidotomy) (weak cue combinations,
F[1,9] < 1; P > .50; strong cue combinations, F[1,9] < 1;
P > .50).

Cue Combination Probability Matching
Figure 7B depicts significant discrimination among the six
cue combination strengths (All Patients: F[5,110] = 4.11;
P = .002; Retest (not plotted): F[5,30] = 4.53; P = .003).
While preoperative subject responses did not significantly
correlate with the programmed cue combinations (All Pa-
tients, r = .20; P = .095), postoperative subject responses
did modestly correlate (All Patients, r = 0.33; P = .004). The
preoperative patients appeared to perform relatively closer
to actual probabilities for single cues compared to patterns
with multiple cues. However, the postoperative patients
performed particularly poorly on the weakly associated
single cue (actual probability, .63).

Single Cue Strength Analysis
Figure 7C represents the programmed strengths of each
cue, and subjects’ accuracy in matching those strengths
across the 100 training trials. Subjects significantly discrimi-
nated between the four stimuli probabilities (All Patients,
F[3,66] = 17.4; P < .0001), but showed no significant group
differences (F[1,22] < 1; P > .3). Retest subjects performed
similarly (data not plotted; main effect of cue, F[3,18] =
7.93; P = .001; main effect of group, F[1,6] = 2.28;
P = .182). Similar to normal elderly subjects, there was a
strong linear correlation between the programmed single
cue strengths and patients’ response probabilities (All Pa-
tients preoperative: r = 0.7169; P < .0001; All Patients post-
operative: r = 0.572; P < .0001; Fisher’s r-to-z). Similar to
control performance, the programmed individual cue
strengths (Fig. 7C) were much better predictors of patient
performance than cue combination strengths (Fig. 7B).

The appearance of Figure 7C suggests that postopera-
tive patients had particular trouble in using more ambigu-
ous cues (57.5%, 42.5%), as compared to stronger cues
(75.6%, 24.4%). Therefore, we examined the partial corre-
lations between programmed probability and patient re-
sponse probability for strong versus weak individual cue
strengths. For strong cues, all groups’ performance corre-
lated well with the programmed probabilities (control,
r = 0.75; P < .0001; preoperative, r = 0.75; P < .0001; post-
operative, r = 0.70; P < .0001). For weak cues, control
(r = 0.54; P = .001), and preoperative subjects’ (r = 0.62;
P < .001) performance correlated well with the pro-
grammed probability. However, postoperative performance
was uncorrelated for these weak cues (r = −0.19; P > .3).
Whereas control subjects and prepallidotomy patients are

Figure 6 Performance on the first and last instance of each cue
combination. To determine if the unusually high accuracy by pre-
operative patients in the first block of trials was spurious (Fig. 5A),
we examined accuracy on the first and last instance of each cue
combination. Control and postoperative patients began near
chance, whereas preoperative patients were significantly above
chance. Control subjects show a clear pattern of improvement,
whereas both patient groups with Parkinson’s disease show no
evidence of improvement.
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surprisingly accurate at matching the programmed prob-
abilities for these more ambiguous cues (57.5%, 42.5%),
pallidotomy appears to impair this ability.

DISCUSSION
The current study sought to specify characteristics of nor-
mal probabilistic classification learning in a group of elderly
subjects matched to pre- and postpallidotomy patients with
PD. Elderly subjects with no diagnosed neurologic condi-
tion showed significant learning across 100 trials of the
weather task, as assessed by a percent correct measure. As
expected, these subjects also exhibited intact declarative
memory for the appearance of the task. Detailed examina-
tion of performance on various trial types revealed that per-
formance is derived more from abstracting individual cue
strengths than using cue combination associations. It
should be noted, however, that these strategies are not or-
thogonal: Individual cue performance measures include tri-
als when the cue is presented alone or in combination with
other cues. In addition, cue combinations are, by definition,
made up of individual cues. Therefore, these measures have
some degree of overlap. It is important to note that in this
implicit memory task, subjects are not solely using indi-
vidual cues (cues perhaps most amenable to declarative
memorization) to perform the weather task. Subjects also
display significant probability matching for cue combina-
tions.

The current results additionally suggest that pal-
lidotomy has a subtle effect on probabilistic classification
learning in patients with PD, which is most apparent for the
weakly associated cues. Performance was similar in those
patients who were retested after pallidotomy, and those
tested for the first time after pallidotomy, suggesting that
the findings cannot be attributed to negative transfer across
test sessions. The patients with PD displayed qualitatively
different patterns of performance on the weather task both
before and after pallidotomy surgery, relative to controls. As
reported in prior studies, declarative memory of the task
was intact in all subjects.

The results from the weather prediction task were gen-
erally consistent with a prior study of the performance of
PD patients on this task (Knowlton et al. 1996a). In that
study, PD patients showed no learning across the first 50
trials with performance rising above chance only during the
second 50 trials. In this study, neither preoperative nor
postoperative patients sustained improvement in perfor-
mance across the first 50–60 trials, but both groups did
exhibit above-chance performance in later blocks. How-
ever, the preoperative patients actually performed above
chance in the first two blocks and then dropped to near-
chance levels. This result is puzzling, and it is difficult to
discern whether it is spurious or represents the results of a
different strategy used by PD patients in this task. This pat-
tern was not seen in postoperative patients or control sub-

Figure 7 (A) Association strength—cue combinations. Postoperative patients with Parkinson’s disease exhibited similar accuracy to pre-
operative patients when using strongly associated cue combinations (75, 83, 86, and 89%), but were somewhat impaired when using weakly
associated combinations (63 and 67%). Compare with control subjects (Fig. 4A). (B) Cue combination probability matching. The probability
of a response in the presence of each cue combination (squares) with the actual programmed probability (Xs). Subjects significantly matched
combination strength but not to a very strong degree; moreover, probability matching was somewhat worse in postoperative patients.
Compare with control subjects (Fig. 4B). (C) Individual cue probability matching. The probability of a response in the presence of each of
the four individual cues compared with programmed probability, irrespective of whether cues appeared in a combination or alone.
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jects and differs from the earlier study with PD patients,
suggesting that it is not a consistent finding. One possibility
is that the preoperative patients were significantly moti-
vated to perform well on the task. These patients were
tested at the University of California, Los Angeles (UCLA)
Medical Center in their physician’s office immediately fol-
lowing final motor and cognitive testing by their physicians
to ensure candidacy for pallidotomy. Although all subjects
were assured their performance on the weather task would
not affect their medical treatment, it is possible that they
were more inclined to apply increased concentration, atten-
tion, or effort. These variables would not have affected the
postoperative patients who had already received the sur-
gery, nor the control subjects.

Although the influence of motivational factors on
probabilistic classification performance has not been for-
mally examined, Eldridge et al. (2002) found that control
subjects who were informed they were participating in a
study of memory as a comparison group for patients with
Alzheimer’s disease initially performed better on the
weather task than a group of controls to which no mention
was made of Alzheimer’s disease or memory. These authors
discussed the possibility that the “informed” control sub-
jects may have assumed a strategy of explicit memorization
of cues that may have improved their performance early in
the task, but decreased it later, as cue associations intermit-
tently reversed and negative feedback was provided. In this
respect, the preoperative PD patients may have made
choices based on simple heuristics derived from a few cue
outcome associations encountered in the earliest trials, with
this strategy abandoned as the task proceeded. Differing
from prior studies (Knowlton et al. 1996a), the current
study used verbal responses in order to reduce mistrials
resulting from poor motor ability in subjects with PD. If the
verbal responses were easier for the PD patients, this may
have freed resources to allow some memorization of cues
during early trials. In addition, the verbal response may have
encouraged a declarative strategy. However, it is unclear
why control subjects do not adopt this strategy, or why
pallidotomy surgery should abolish this strategy. Further
studies with PD patients using the weather task are needed
to determine whether this early above-chance performance
is replicable.

When the results were broken down by trial type, it
appeared that after pallidotomy, patients performed more
poorly on trials in which cue patterns were more weakly
associated with an outcome. Postpallidotomy patients were
actually numerically below chance on these patterns, per-
haps attributable to choosing the opposite outcome for the
similar pattern previously encountered. It is hypothesized
that weakly associated trials may be most characteristic of
habit learning, as explicit memory for individual trials is less
helpful. However, the groups did not differ on performance
for the strongly associated cues. Similar to control perfor-

mance, individual cue strengths were much better predic-
tors of patient performance than cue combination
strengths.

The above results suggest that the standard plotting of
the percent correct accuracy measure, used to score per-
formance on the weather task, may not be ideal. As the
structure of the task is designed to provide for gradual learn-
ing of associations across large numbers of trials (habit
learning), the dissection of accuracy into blocks of 10 or 20
trials (especially early in training) may not result in a mean-
ingful measure of learning. More meaningful is a measure
that incorporates larger number of trials, and thereby in-
creased exposure to the cues and cue combinations to be
learned. In this study, the average last “first appearance” of
a cue combination was on trial 39 (out of 100). Thus, de-
pending upon the particular probability structure of the
task, caution should be used when referring to accuracy
results within the first several trial blocks, as subjects may
not yet have encountered every cue combination to be
learned. Because a cue combination must be presented
twice in order to ascertain learning, it would seem that
examination of larger trial blocks would provide more ac-
curate results.

Control subjects with no known neurologic condition
and subjects with neostriatal damage (PD) do use a prob-
ability matching strategy when performing the weather
task, but are most sensitive to single cue associations. There-
fore, caution should be also used when choosing the pro-
grammed strengths of the cues and combinations. Although
spacing the programmed probabilities so that each cue or
combination outcome is more distinct may increase accu-
racy, one potential result of this spread would be to make
the cues more amenable to a declarative knowledge of the
outcome. If the goal is to encourage an implicit learning
strategy (Knowlton et al. 1994), then it is important to in-
clude probabilities less readily explicit.

The current findings are consistent with other studies
demonstrating mild cognitive impairments following pal-
lidotomy for PD (Hariz and De Salles 1997; Manning et al.
1997; Tröster et al. 1997; Masterman et al. 1998; Scott et al.
1998; Stebbins et al. 2000; Wilde et al. 1999; Rettig et al.
2000). However, caution should be used when generalizing
these findings, as there is evidence that variations in exact
lesion location (between patients and between surgical cen-
ters) provide different cognitive results (Lombardi et al.
2000). In addition, neuropsychological results may differ
depending upon postsurgical testing interval (Baron et al.
1996; Trépanier et al. 1998; Yokoyama et al. 1999; Rettig et
al. 2000). Furthermore, studies have shown that pal-
lidotomy can change the effects of dopamine agonists on
neuropsychological function (Alegret et al. 2000). While all
of the current subjects with PD were tested “on” medica-
tion for this study, performance pre- and postpallidotomy may
have differed if subjects had been tested “off” medication.
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In summary, pallidotomy surgery for PD appears to
result in a mild exacerbation of implicit learning deficits
measured by the probabilistic classification task, although
this is outweighed by the beneficial effects on clinical mea-
sures of functional capacity (Masterman et al. 1998). Addi-
tionally, it is apparent from the analyses of trial types that
care should be taken when manipulating the probability
structure of the weather task or when choosing an appro-
priate dependent measure of implicit learning. Postpal-
lidotomy subjects exhibit selective deficits in learning about
cues that are more ambiguous, more weakly predictive,
while normal elderly subjects and prepallidotomy PD pa-
tients demonstrate intact performance on these same cues.
Specific cognitive deficits in implicit learning may be iden-
tified by further examination of these types of cues.

MATERIALS AND METHODS

Subjects

Non-Parkinson’s Control Subjects
Sixteen subjects (8 males, 8 females) age- and education-matched to
a group of patients with PD were tested in this study. These sub-
jects were recruited through the Los Angeles community, had
agreed to participate via a consent form approved by the UCLA
Institutional Review Board, and were paid $10 for their participa-
tion. These subjects verbally confirmed a normal neurologic history
(i.e., no diagnosed neurologic disorder). They averaged 61 ± 1.7
(mean ± S.E.M.) years of age (range = 52–72) with 14.9 ± 0.5 years
of education (range = 12–20), and were tested once.

Patients With Parkinson’s Disease
Seventeen patients with PD, referred through the UCLA Movement
Disorders Clinic, were tested in this study: Five patients were tested
preoperatively only (four males; one female), five postoperatively
only (three males, two females), and seven additional patients were
tested both pre- and postoperatively (referred to as “Retest”; six
males, one female). Preoperative patients were tested 1–3 days
before pallidotomy surgery and 3 to 6 months postsurgery, imme-
diately following a scheduled neurological exam. Motor disability
was assessed by the attending neurologist (D.M.), using the Unified
Parkinson’s Disease Rating Scale (UPDRS; Fahn and Elton 1987),
Hoehn and Yahr (H&Y) staging (Hoehn and Yahr 1967), and the
Schwab and England Functional Assessment Scale (1969). The
mean H&Y stage (“on” medication) was 2.4 ± 0.3 for all preopera-
tive patients (range = 1–3), and 2.6 ± 0.4 for 12 of the 13 postop-
erative patients (range = 1–4), for which data was available (where
1 = least severe and 5 = most severe). The mean H&Y stages for
patients tested at two time points (Retest) were as follows:
2.7 ± 0.3 preoperative (range = 1–3) and 2.7 ± 0.6 for six of the
seven postoperative subjects (range = 0–4). The Activities of Daily
Living (ADL) subscore of the UPDRS assesses patient functionality
(where 52 = most impaired and 0 = normal functionality). Pal-
lidotomy patients have been shown to exhibit improvement in ADL
subscores following surgery (Masterman et al. 1998). The available
data from the patients in the present study is consistent with a small
improvement in ADL scores postsurgery. The mean ADL (“on medi-
cation”) was 18.7 ± 2.0 for 6 of the 12 preoperative patients for
which data was available (range = 13–26), and 16.7 ± 2.2 for 11 of
the 12 postoperative patients (range = 1–30), for which data was

available. The mean ADL for patients tested at two time points
were: 19.4 ± 2.3 for five of the seven preoperative subjects
(range = 13–26) and 17.3 ± 2.8 for six of the seven postoperative
subjects (range = 11–30). The average age of the groups was
63 ± 1.8 years for preoperative patients and 65 ± 2.0 years for post-
operative patients (total range = 52–73). Preoperative patients av-
eraged 14 ± 0.7 years of education, while postoperatives averaged
15 ± 0.8 years (total range = 12–20). Of the 14 patients for which
medication information was available, all were receiving dopamine
precursor treatment (Carbidopa/Levodopa), and were tested while
on medication. Four patients were also taking a monoamine oxi-
dase inhibitor (Eldepryl), six were taking a dopamine-enhancing
drug (Amantadine, Symmetrel, or Permax), one was taking a sero-
tonin agonist (Serzone), and five were taking anticholinergic medi-
cation (Pro-Banthine, Artane, or Ditropan). Because these anticho-
linergics are given preferentially to younger patients with no signs
of cognitive impairment, it is impossible to assess these medication
effects on performance in the current study independently of these
other factors.

Patients in this study were deemed suitable candidates for
pallidotomy surgery (per their attending neurologist), and as such,
had been previously screened for overt signs of dementia (accord-
ing to the criteria of the DSM-IV), severe declarative memory defi-
cits (using the 10-word shopping list [McCarthy et al. 1981] among
other measures), and for other degenerative or structural brain
abnormalities. Finally, one patient was excluded from our results as
a result of highly elevated Beck (Beck et al. 1961) and Neuropsy-
chiatric Inventory (Cummings et al. 1994) depression scores.

The target was localized based on magnetic resonance imag-
ing (MRI) visualization of the GPi, as well as the relationship of the
target to structures, such as the optic tract, internal capsule, and
mammillary body (De Salles and Hariz 1998). The coordinates dic-
tated by Laitinen et al. (1992) were used as starting point for target
determination. Precise localization of the target was achieved by
microelectrode recordings and electrical stimulation to elicit re-
sponses in the internal capsule, optic tract, and GPi itself (Lim and
De Salles 1997). A MRI of a representative pallidotomy is shown in
Figure 1.

Probabilistic Classification Task
(Implicit Learning)
The probabilistic classification task was presented using a Macin-
tosh PowerBook laptop computer. The structure of the task was
similar to that used by Knowlton et al. (1996a). Four different cues
(Fig. 2) were each independently associated with one of two out-
comes (sun or rain). Each trial consisted of a presentation of one,
two, or three of these cues. In all, there were 14 possible cue
combinations, which were randomized across 100 trials with the
constraint that the same cue combination could not appear twice in
a row, and each outcome could not appear more than five succes-
sive times. The two outcomes occurred equally often across the
100 training trials. Each individual cue occurred ∼68%, 46%, 34%, or
22% with a particular weather outcome. Thus, when the outcome
was sun, cue 1 occurred on 68% of the trials, cue 2 occurred on
46% of the trials, cue 3 on 34% of the trials, and cue 4 on 22% of the
trials. When the outcome was rain, cue 1 occurred on 22% of the
trials, cue 2 on 34% of the trials, cue 3 on 46% of the trials, and cue
4 on 68% of the trials. Across all patterns, cues 1 and 4 occurred 45
times each and cues 2 and 3 occurred 40 times each during the 100
trials. For each subject, the four cues were randomly assigned to
positions 1–4.
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As some patients were tested both pre- and post-operatively,
two sets of cues were used (Fig. 2): (1) geometric shapes, and (2)
patterned circles. The cue set given pre- and postoperatively was
counterbalanced across subjects. The use of the geometric cues has
been described in prior patient studies (Knowlton et al. 1994,
1996a,b). Selection of the second set of cue shapes (patterned
circles) was determined by a pilot study using UCLA undergradu-
ates to determine that both sets of cues produced comparable
performance (data not shown).

Multiple Choice Declarative Questionnaire
Following completion of the computer task, each subject was ad-
ministered an eight-item, multiple-choice questionnaire designed to
assess explicit memory for the testing episode. Sample questions
included, “How many squares were on the card with squares?” and
“What appeared above the cards when you made a correct re-
sponse?” Based on previous work (Knowlton et al. 1996a) and on
the site of the lesion, we predicted that patients and controls would
show similar performance on this declarative questionnaire.

Procedure
All patient testing occurred at the UCLA Medical Center, and con-
trol subject testing occurred at the subject’s residence or at the
UCLA Cognitive Neuroscience Laboratory. Subjects were informed
they were participating in a weather-prediction task, with the two
outcomes being rain or shine. On each trial, between one and three
cue cards were presented and the subject was instructed to predict
rain or shine based on the total set of cues that appeared. Subjects
were told that although they may be guessing the outcome initially,
performance would likely improve gradually.

Patients with PD often have difficulty initiating movements.
As the weather prediction task requires subjects to respond quickly
to each set of cues, the current study removed the manual motor
component of the subject response, thereby minimizing mistrials
(i.e., trials without a response). Both PD and control subjects indi-
cated their prediction verbally and the experimenter then pressed
the appropriate computer key, within 5 sec of the cue presenta-
tion. If the subject did not respond within 5 sec, a prompt appeared
on the screen, and the subject was asked to guess the outcome
within the next 2 sec. Pilot studies in our laboratory have shown
that patients with PD are readily able to make verbal responses
during this time frame, yet it is short enough to discourage explicit
memorization of the cue-outcome relationships. After each re-
sponse, the computer delivered reinforcement according to the
subject’s response. Correct responses were followed by a pleasant
tone and a smiling face, while incorrect responses were followed
by a low tone and an unhappy face. The correct outcome (either a
sun or a rain cloud) also appeared above the cues after the subject
responded, and remained on the screen for 2 sec before the next
trial began. Subjects completed two blocks of 50 training trials,
separated by a short break (typically < 1 min). Upon completion of
the probabilistic classification task, the computer was turned off
and subjects completed the multiple choice explicit memory ques-
tionnaire.

Data Analysis
For the percent correct scores, responses were considered correct
if the subject selected the outcome that was most associated with
the cue pattern. Because of the probabilistic nature of the task, cue
combinations were sometimes followed by weakly associated out-
comes (e.g., if cue 1 predicts sun 75.6% of the time, then 24.4% of
the time it will predict rain). With this scoring system, subjects

made a correct response by selecting the more strongly associated
outcome (in this example, “sun”), even though that subject subse-
quently received feedback that an incorrect response was made. In
this manner, the percent correct score more accurately reflected
the learned-cue outcome association. The two cue combinations in
which two cards predicted equally strong but opposite outcomes
were excluded from the analysis, as the subject’s response did not
provide any information about classification learning.

Data were entered into a general multivariate normal analysis
of variance (MANOVA); following a significant omnibus compari-
son, appropriate multiple posthoc comparisons were made, as de-
scribed. Unless otherwise indicated, group by measure interactions
were not significant and are not reported.
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